Singlet oxygen ( 1 O 2 ) is a reactive oxygen species that can function as a stress signal in plant leaves leading to programmed cell death. In microalgae, 1 O 2 -induced transcriptomic changes result in acclimation to 1 O 2 . Here, using a chlorophyll b-less Arabidopsis thaliana mutant (chlorina1 [ch1]), we show that this phenomenon can also occur in vascular plants. The ch1 mutant is highly photosensitive due to a selective increase in the release of 1 O 2 by photosystem II. Under photooxidative stress conditions, the gene expression profile of ch1 mutant leaves very much resembled the gene responses to 1 O 2 reported in the Arabidopsis mutant flu. Preexposure of ch1 plants to moderately elevated light intensities eliminated photooxidative damage without suppressing 1 O 2 formation, indicating acclimation to 1 O 2 . Substantial differences in gene expression were observed between acclimation and high-light stress: A number of transcription factors were selectively induced by acclimation, and contrasting effects were observed for the jasmonate pathway. Jasmonate biosynthesis was strongly induced in ch1 mutant plants under high-light stress and was noticeably repressed under acclimation conditions, suggesting the involvement of this hormone in 1 O 2 -induced cell death. This was confirmed by the decreased tolerance to photooxidative damage of jasmonatetreated ch1 plants and by the increased tolerance of the jasmonate-deficient mutant delayed-dehiscence2.
INTRODUCTION
Photosynthetic organisms have to cope with the toxicity of reactive oxygen species (ROS), which are continually produced by various cellular functions, especially in the chloroplasts (Apel and Hirt, 2004; Li et al., 2009) . A variety of sophisticated systems participate in the protection of cells against ROS toxicity, including low molecular weight antioxidants (ascorbate, carotenoids, glutathione, and tocopherols) and a panoply of enzymatic proteins distributed in all cellular compartments. When ROS production overwhelms the cellular antioxidant capacity, ROS can induce oxidative damage by reacting with a large range of biomolecules, including lipids, proteins, and nucleic acids, essential for the activity and integrity of the cells. Light-induced ROS formation is exacerbated by various environmental stress conditions that inhibit the photosynthetic processes, resulting in overreduction of the electron transport chain and accumulation of excited chlorophylls unable to transfer rapidly their energy to the photosynthetic reaction centers. Triplet chlorophylls are thus formed, which can interact with triplet state molecular oxygen to generate singlet oxygen ( 1 O 2 ) (Krieger-Liszkay et al., 2008; Triantaphylidès and Havaux, 2009) . 1 O 2 has been proposed to be the major ROS produced in plant cells exposed to excess light and to be responsible for photooxidative damage to plant leaves (Triantaphylidès et al., 2008) . Its high reactivity and short lifetime limit its capacity of diffusion in cells (Moan, 1990) and explain its reaction in close proximity to its production site (Triantaphylidès and Havaux, 2009) .
In addition to its cytotoxicity, 1 O 2 is known to be a key signal molecule involved in cellular responses (Mittler et al., 2004; Suzuki et al., 2012) . Indeed, ROS have several important physiological functions, such as regulation of plant development (Foreman et al., 2003) or defense against pathogens (O'Brien et al., 2012) . However, the study of the specific biological activity of 1 O 2 is difficult due to the fact that various chemically distinct ROS can be generated simultaneously in cells under high-light stress. In addition to ROS coproduction, 1 O 2 signaling can communicate with other ROS signals, as shown by the antagonizing effects of O 2 2 /hydrogen peroxide (H 2 O 2 ) on 1 O 2 -induced gene expression (Laloi et al., 2007; Kim et al., 2008) . Other signaling molecules, including hormones, such as auxins, ethylene, and abscisic acid, and defense-related signals, such as salicylate and jasmonate, are also interconnected, making the signaling network complex (Reymond and Farmer, 1998; Reinbothe et al., 2009; Ballaré, 2011) but allowing the metabolism and physiology of the plants to be modulated and to adapt to changes in the environmental conditions.
The conditional flu mutant of Arabidopsis thaliana enabled a breakthrough in the elucidation of 1 O 2 effects on plants. The flu mutant allows selective accumulation of 1 O 2 within plastids in a noninvasive and controlled manner, providing the opportunity to link plant cell responses to a particular ROS. This mutant accumulates photosensitizing chlorophyll precursors in the dark and therefore generates massive amounts of 1 O 2 in the stroma of the chloroplasts during dark-to-light transitions (Meskauskiene et al., 2001; op den Camp et al., 2003; Wagner et al., 2004) . Studies performed on the flu mutant have identified distinct sets of genes specifically activated by 1 O 2 (op den Camp et al., 2003; Wagner et al., 2004; Gadjev et al., 2006) . 1 O 2 also promotes programmed cell death by activating two nucleus-encoded chloroplast-localized proteins denoted EXECUTER1 (EX1) and EX2, leading to growth inhibition and death (Lee et al., 2007) . The current view is that 1 O 2 -mediated cell death program does not operate as a linear pathway but rather forms a complex signaling network interconnected with other signaling routes.
Specific acclimation to 1 O 2 was found in the unicellular alga Chlamydomonas reinhardtii in response to a pretreatment with sublethal doses of 1 O 2 generated by the photosensitizer dye rose bengal (Ledford et al., 2007) . This pretreatment was sufficient to induce changes in 1 O 2 -responsive gene expression, such as GLUTATHIONE PEROXIDASE H and GLUTATHIONE S TRANSFERASE S1 (Leisinger et al., 2001; Fischer et al., 2005) . No cross-acclimation to other ROS generators could be observed; however, it was discovered that high light induces acclimation to 1 O 2 stress, demonstrating an overlap between 1 O 2 responses and high-light exposure (Ledford et al., 2007) . Even if several plastid and cytosolic proteins or signaling molecules are involved in chloroplast-to-nucleus retrograde signaling (Estavillo et al., 2011 (Estavillo et al., , 2012 Inaba et al., 2011; Leister, 2012) , the molecules transmitting the plastid 1 O 2 signal out of the chloroplast are still largely unknown. However, one of them seems to have been recently identified in Arabidopsis: b-Cyclocitral, a volatile derivative of b-carotene that accumulates in Arabidopsis leaves under high-light stress, was found to induce changes in the expression of a large set of 1 O 2 -specific genes (Ramel et al., 2012a) . Treatments of Arabidopsis plants with this volatile molecule were also associated with increased tolerance to photooxidative stress, suggesting that b-cyclocitral is an intermediate in the 1 O 2 signaling pathway leading to acclimation.
The ability of Arabidopsis to acclimate to 1 O 2 is investigated in this work using the chlorina1 (ch1) mutant. This pale-green mutant is characterized by a deficiency in chlorophyll b (Espineda et al., 1999) , and, as a consequence, it is completely devoid of photosystem II (PSII) chlorophyll-protein antenna complexes (Havaux et al., 2007) . Loss of the normal structural architecture around the PSII reaction centers in chlorophyll b-less plant mutants has significant effects on the functionality of the PSII core reaction center complexes, including loss of nonphotochemical energy quenching (NPQ), impaired oxidizing side of PSII, and reduced grana stacking, which lead in fine to enhanced sensitivity to PSII photoinactivation (Leverenz et al., 1992; Havaux and Tardy, 1997; Kim et al., 2009) . Accordingly, the ch1 Arabidopsis mutant displayed an extreme sensitivity to photooxidative stress in high light (Havaux et al., 2007) , and this was attributed to an enhanced release of 1 O 2 from the naked PSII centers (Triantaphylidès et al., 2008; Dall'Osto et al., 2010) . Like in the flu mutant, this mutant allows large amounts of 1 O 2 to be produced without significant coproduction of other ROS. However, in contrast with the flu mutant, 1 O 2 formation is localized in the natural site of production (i.e., PSII). Moreover, the ch1 mutant does not require any special growth conditions and thus appears to be a more appropriate model for studying 1 O 2 acclimation mechanisms in plants. Using this 1 O 2 -producing mutant, we show here that vascular plants do acclimate to 1 O 2 when exposed to mild light stress conditions that produce low, sublethal internal 1 O 2 concentrations, and we provide data emphasizing the regulation of jasmonate synthesis as a key factor in this acclimation.
RESULTS

Photosensitivity of the Arabidopsis ch1 Mutant
Wild-type and ch1 Arabidopsis plants were transferred from the growth light conditions (180 mmol photons m 22 s 21 ) to high-light stress (1000 mmol photons m 22 s 21 ; Figure 1 ). To avoid leaf heating during the high-light treatment, the air temperature was decreased to 10°C, leading to leaf temperature (approximately 18°C) close to the temperature of control leaves exposed to 180 mmol photons m 22 s 21 . Most leaves of ch1 plants bleached within 2 d ( Figure 1A ), indicating extensive photooxidation of the pigmented photosynthetic complexes. This was confirmed by HPLC analysis of photosynthetic pigments, showing a strong reduction (;40%) of the chlorophyll content in ch1 mutant leaves after light stress ( Figure 1B) , and by chlorophyll fluorescence measurements revealing a drastic inhibition of PSII photochemistry ( Figure 1C ). No such effects were observed in the wild type: No leaf bleaching was visible after the high-light treatment, the chlorophyll concentration remained unchanged, and PSII photoinhibition was much less pronounced than in ch1.
Moreover, lipid peroxidation was induced in ch1 mutant plants as shown by autoluminescence imaging of lipid peroxides ( Figure 1D ). We also measured lipid peroxidation by HPLC quantification of products derived from the oxidation of linolenic acid (hydroxy-octadecatrienoic acids [HOTEs] ) after reduction of the extract with triphenyl phosphine (i.e., after conversion of the peroxides into alcohols) ( Figures 1E and 1F ). Both ROS-induced lipid peroxidation ( Figure 1E ) and lipoxygenase (LOX)-dependent lipid peroxidation ( Figure 1F ) were stimulated by high light in the mutant. By contrast, no induction of lipid peroxidation was found in high-light-treated wild-type plants. The results presented in Figure 1 illustrate the high photosensitivity of the ch1 mutant compared with its wild type, thus confirming previous observations (Havaux et al., 2007; Dall'Osto et al., 2010) .
The ch1 Mutant Is a 1 O 2 Overproducer
As a major consequence of the lack of chlorophyll b, the ch1 mutant completely lacks assembled pigment-protein antenna complexes of PSII (light-harvesting complex II) with relatively little effect on photosynthetic electron flow at high photon flux densities (PFDs) (Havaux et al., 2007) . The photosynthetic capacity of ch1 leaves was previously reported to reach ;80% of the wild-type level (Kim et al., 2009) , and this was confirmed in our study by measuring in vitro the photosynthetic electron flow rate in isolated thylakoids exposed to a high PFD (107 6 11 versus 91 6 6 mmol O 2 mg 21 chlorophyll h 21 for wild-type and ch1 thylakoids, respectively, corresponding to a 15% decrease in the electron flow capacity in the mutant). Using the 1 O 2 -specific fluorescent probe singlet oxygen sensor green (SOSG), Dall'Osto et al. (2010) previously showed that 1 O 2 production during illumination was substantially enhanced in ch1 leaves compared with wild-type leaves, whereas no difference was observed with fluorescent probes indicative of superoxide or hydroxyl radical. The high sensitivity of the ch1 mutant to high light stress was thus attributed to 1 O 2 accumulation and toxicity. Accordingly, the HOTE signature of lipid peroxidation in ch1 leaves was found to be typical of 1 O 2 -induced lipid peroxidation (Triantaphylidès et al., 2008) .
To confirm the increased 1 O 2 production in ch1 compared with the wild type, we prepared thylakoid membranes from wildtype and ch1 mutant leaves and measured light-induced ROS production using spin trapping electron paramagnetic resonance (EPR) spectroscopy. The spin trap 2,2,6,6-tetramethyl-4-piperidone chloride (TEMPD) was used to detect 1 O 2 (Lion et al., 1980) . As shown from the EPR traces presented in Figure 2 , the formation of 1 O 2 by ch1 thylakoids exposed for 3 min to high light was enhanced by ;20% compared with wild-type thylakoids. By contrast, the EPR trace of 4-pyridyl-1-oxide-N-tert-butylnitrone (POBN), a hydroxyl radical probe, did not reveal any difference between the wild type and ch1. This confirms the selective accumulation of 1 O 2 in ch1 under high-light stress.
As another way of monitoring 1 O 2 production in ch1 leaves, we measured the expression levels of different 1 O 2 -responsive genes in ch1 before and after high-light stress (1000 mmol m 22 s 21 , 10°C, 2 d) ( Figure 3 ): At3g61190 (BAP1), At1g57630 (disease resistance protein [TIR class] putative), At1g05100 (MAPKKK18), At4g34410 (AP2 domain-containing transcription factor), At4g33630 (EX1), and At2g33380 (RD20). All genes except At2g33380 were noticeably induced by the light treatment, indicating that ch1 leaves do produce 1 O 2 during high-light stress. Taken together with previously published results, the data presented in Figures 2 and 3 clearly show that ch1 is a 1 O 2 producer in the light. Additional evidence for this phenomenon will be provided below using fluorescent and biochemical 1 O 2 markers (see below).
Transcriptomic Analysis of the ch1 Mutant under Photooxidative Stress Conditions
Transcriptomic analysis of ch1 mutant plants exposed for 2 d to high-light stress was performed using CATMAv5 microarrays (B) Effect of high-light stress on the total chlorophyll content (Chl) of wild-type and ch1 leaves. Black, before stress; white, after the stress treatment. n = 3. (C) PSII inhibition, as measured by the decrease in the chlorophyll fluorescence ratio Fv/Fm, during exposure of wild-type and ch1 plants to high-light stress. n = 9. (D) Autoluminescence imaging of lipid peroxidation in wild-type and ch1 mutant plants after light stress. No luminescence was detected in wildtype and ch1 plants before light stress. The color palette on the right indicates the intensity of the luminescence signal from low (dark blue) to high (white). (E) and (F) Effects of high-light stress on ROS-induced lipid peroxidation ([E] ; HOTE levels, in nmol g 21 fresh weight) and LOX-mediated lipid peroxidation ([F] ; HOTE levels, nmol g 21 fresh weight) in leaves of wildtype and ch1 plants. Black, before stress; white, after stress. n = 3. Data are mean values + SD. Asterisks indicate significant difference from the control (unstressed) at *P < 0.001 and **P < 0.05 (Student's t test). (Crowe et al., 2003) . Compared with control conditions, 1406 genes were induced by high-light stress conditions, while 1213 genes were repressed (number of genes that showed statistically significant and greater than twofold change in expression; see Methods and Supplemental Data Set 1 online; more than twofold changes in expression were used to limit the number of genes and to identify interesting genes exhibiting relatively strong responses to stress conditions). A comparison of the gene expression profile of ch1 leaves exposed to high-light stress with the expression profile induced by 1 O 2 in flu leaves (op den Camp et al., 2003) shows a strong similarity between the two mutants: Of the 1406 genes induced by high-light stress in EPR signals of TEMPD and POBN spin traps in wild-type (WT) and ch1 thylakoids exposed to high light (1500 mmol m 22 s 21 , 3 and 1 min, respectively). Thylakoid suspensions were adjusted for the same chlorophyll concentration (40 mg mL 21 ). Inset: intensity of the TEMPD EPR signal. Data are mean values of three experiments + SD. Asterisk indicates significant difference from the wild type at P < 0.001 (Student's t test). a.u., arbitrary units [See online article for color version of this figure. ] ch1, ;80% were also induced in flu, while the rest were either repressed or not differentially expressed in flu ( Figure 4A ). Similarly, of the 1213 genes repressed in the ch1 mutant, ;80% were also repressed in the flu mutant. This high similarity in gene expression between the two mutants is consistent with the finding that, similarly to flu, ch1 is a 1 O 2 -producing mutant. Moreover, Supplemental Gadjev et al., 2006) were induced in ch1 plants exposed to high-light stress, providing additional evidence of 1 O 2 formation in the mutant exposed to high-light stress. A similar induction of 1 O 2 -specific genes was not observed in wild-type leaves exposed to the same changes in the light conditions (see Supplemental Table 1 online). We also analyzed genes that were previously identified as H 2 O 2 inducible or repressible (Gadjev et al., 2006) . The expression of most of those genes (;75%) was not modified by high light in ch1: Less than 15% of the H 2 O 2 -inducible genes were induced by high light in ch1 and ;5% of the H 2 O 2 -repressible genes were repressed by high light ( Figure 4B ). Thus, the expression of most H 2 O 2 -responsive genes was not affected by high-light stress in ch1. Clearly, the changes in gene expression in ch1 mutant plants exposed to high-light stress do not correspond to a response to H 2 O 2 stress.
Although the ch1 and flu mutants showed strong similarities in terms of gene expression changes in response to 1 O 2 stress, photooxidative damage of ch1 plants was found to be independent of the EX1 protein that regulates cell death in the flu mutant (Lee et al., 2007) . We could not distinguish the double mutant ch1 ex1 from the single mutant ch1 during photooxidative stress: Lipid peroxidation and PSII photoinhibition after high-light stress were both induced to a similar extent in ch1 and ch1 ex1 plants (see Supplemental Figure 1 online). Consequently, we can conclude that 1 O 2 -induced damage and cell death are mediated by different mechanisms in ch1 and flu. Possibly, differences in the intensity of the 1 O 2 stress and of the associated gene responses as well as in the way 1 O 2 is produced between the two mutants could explain the involvement of distinct signaling pathways.
The ch1 Mutant Is Able to Acclimate to 1 O 2
Although the ch1 mutant is highly photosensitive, it is able to acclimate to high-light stress. Indeed, transfer of ch1 plants for 2 d to a moderately elevated PFD of 450 mmol m 22 s 21 (at 20°C) eliminated lipid peroxidation (Figures 5B and 5C) and leaf bleaching ( Figures 5A and 5D ) during subsequent high-light stress. Also, the light pretreatment protected PSII from photoinhibition ( Figure 5E ). Nevertheless, some of the 1 O 2 gene markers that were induced during high-light stress were also induced during the acclimatory treatment ( Figure 6 ), but the increases in the expression of 1 O 2 -responsive genes during acclimation (Figure 6) were low compared with the gene expression changes observed during high-light stress ( Figure 3B ), suggesting lower production of 1 O 2 during acclimation. Formation of 1 O 2 in ch1 leaves during photoacclimation is also supported by the fluorescence of SOSG that was induced by illumination of ch1 leaves with light of PFD 450 mmol m 22 s 21 ( Figure 7A ). This phenomenon was not observed in the wild type exposed to the same PFD. Interestingly, 1 O 2 production at 450 mmol m 22 s 21 was still observed in ch1 plants after 2 d of exposure to the acclimation conditions ( Figure 7B ). In other words, acclimation was not associated with a suppression of 1 O 2 production by leaves.
We also measured b-carotene endoperoxide, a product derived from the oxidation of b-carotene in the reaction center of PSII (Ramel et al., 2012b) . This oxidized carotenoid derivative is a good biochemical marker of 1 O 2 since it cannot be formed by (A) Comparison of the gene expression profile in ch1 and flu leaves. The plot shows the percentage of genes induced or repressed in ch1 leaves during high-light stress (more than twofold change) that were induced, repressed, or not differentially expressed (compared with control conditions) in the flu Arabidopsis mutant after a dark-to-light transfer. In parentheses: number of genes induced or repressed in the ch1 mutant. This comparison is based on the microarray study of the flu mutant performed by op den Camp et al. (2003) (2-h illumination after a dark period). The latter study used the Affymetrix Gene Chip Arabidopsis ATHI Genome Array containing >22,500 probe sets representing around 24,000 genes. (B) Percentage of genes inducible or repressible by H 2 O 2 that were induced, repressed, or not differentially expressed (compared with control conditions) in the ch1 mutant during high-light stress. This comparison is based on Gadjev et al. (2006) . The latter study used the Affymetrix Gene Chip Arabidopsis ATHI genome array. In parentheses: number of genes from the Gadjev study used for the comparison with ch1. nde, not differentially expressed.
free radicals or by enzymatic catalysis. Figure 7C shows that b-carotene endoperoxide accumulated very rapidly during the acclimation treatment in ch1, confirming the production of 1 O 2 in the PSII reaction centers. Again, this phenomenon was not observed in the wild type, indicating no or very little production of 1 O 2 under this condition. The data in Figure 7 clearly confirm that the ch1 mutant is a 1 O 2 overproducer compared with the wild type.
The volatile carotenoid derivative b-cyclocitral has been identified as a signal molecule that can induce gene expression changes leading to resistance to photooxidative stress (Ramel et al., 2012a) . Consistent with this, the concentration of b-cyclocitral was found to increase during photoacclimation of ch1 plants (see Supplemental Figure 2 
online).
To rule out the possibility that the acclimation response of the ch1 mutant reported in Figure 5 results from the increase in PFD (from 180 to 450 mmol m 22 s 21 ) (e.g., through the action of photoreceptors, rather than an increase in 1 O 2 production), we exposed plants to an atmosphere with reduced levels of CO 2 and O 2 (Figure 8 ). By reducing the final electron acceptors, it is possible to increase the excitation pressure in PSII (and hence to increase 1 O 2 production in the PSII centers) at constant PFD (Montané et al., 1998) . CO 2 and O 2 concentrations in the atmosphere were reduced to 50 ppm and 5%, respectively, while PFD was maintained at 180 mmol m 22 s 21 . Exposing plants to this low CO 2 and O 2 atmosphere noticeably increased 1 O 2 production (as measured by SOSG fluorescence) compared with the control conditions (180 mmol m 22 s 21 in the air) ( Figure 8C ). The 1 O 2 levels reached in leaves exposed to 50 ppm CO 2 and 5% O 2 were close to the levels measured in high light (450 mmol m 22 s 21 ) in air. Another condition was also tested, 100 ppm CO 2 and 10% O 2 , which did not increase substantially 1 O 2 production. As shown in Figures 8A and 8B , 2 d of exposure of ch1 plants to 50 ppm CO 2 and 5% O 2 in low light enhanced the tolerance to a subsequent high-light stress (1000 mmol m 22 s 21 at 10°C in normal air). No leaf bleaching was observed after high-light stress, and the PSII activity was much higher than in stressed control plants (maximal PSII photochemical efficiency [Fv/Fm], 0.6 versus 0.28). Thus, the plants appeared to be as tolerant to photooxidative stress as the plants pretreated at 450 mmol photons m 22 s 21 ( Figure 5 ). The CO 2 /O 2 concentrations (100 ppm/10%) that did not increase 1 O 2 production had no protective effect against photooxidative stress. We can conclude from the experiments of Figure 8 that the acclimation of ch1 mutant plants to 1 O 2 was not due to the change in PFD per se, but it was closely correlated with the levels of 1 O 2 released from PSII.
Transcriptomic Analysis of the ch1 Mutant under Photoacclimatory Conditions
Microarray-based transcriptomic analysis of ch1 was performed during acclimation (see Supplemental Data Set 1 online), and the data were compared with the transcriptomic data obtained during high-light stress. A total of 275 genes were induced during acclimation and 267 genes were repressed. Among the genes induced by acclimation to photooxidative stress, we found a number of 1 O 2 -specific genes (see Supplemental Table  2 online), confirming that 1 O 2 is produced during the acclimatory treatment. The number of induced genes and the intensity of expression were much lower than the changes observed for high-light stress conditions (see Supplemental Table 1 online), confirming that acclimation induced lower 1 O 2 production than did stress. Similarly to high-light stress, acclimation did not induce marked changes in the expression of H 2 O 2 -responsive genes ( Figure 9A ). Moreover, 64% of the 275 induced genes were also induced during stress, while the expression of 35% of the genes was not induced by stress ( Figure 9B ). Among the 267 genes repressed by acclimation, 16% were either not differentially expressed (compared with the control condition) or were induced by high-light stress. Thus, although many genes displayed the same expression responses in stress and acclimation conditions, significant differences exist, like some genes presenting specifically induction or repression by acclimation. In particular, we found that many genes coding for proteins involved in the biosynthesis of jasmonate were induced during stress, whereas most of them were repressed during acclimation (see Supplemental Table 3 online). This differential behavior was checked by quantitative RT-PCR (qRT-PCR). Figure 10 shows that high-light stress brought about a marked induction of all tested genes except AOC4, which was repressed in any conditions. In particular, the induction of the lipoxygenases LOX2 and LOX3 is in line with the accumulation of LOX-induced lipid metabolites observed in stressed ch1 plants ( Figure 1F ). 1 O 2 induction of the jasmonate pathway in ch1 plants is also in agreement with previous work by Przybyla et al. (2008) , who found induction of enzymatic lipid peroxidation and accumulation of the LOX oxidation product 13-HOTE during 1 O 2 stress in the flu Arabidopsis mutant.
Conversely, acclimation of ch1 plants to high-light stress was found to repress all the jasmonate pathway genes that were induced during the stress treatment (Figure 10 ). When acclimated plants were exposed to high-light stress, gene induction was very modest compared with the expression changes observed when unacclimated plants were exposed to high-light stress. Thus, the acclimation process repressed the jasmonate pathway and counteracted the induction of this pathway during high-light stress. Moreover, those changes in gene expression were correlated with changes in the jasmonate concentration in the leaves ( Figure 11A ). Jasmonate levels were strongly increased (315) after stress, while acclimated plants (before and after high-light stress) contained less jasmonate that control plants. In comparison, there were relatively small changes in salicylic acid levels during high-light stress and/or acclimation ( Figure 11B ), and the concentration of the jasmonate precursor 12-oxo phytodienoic acid (OPDA) was not affected by the treatments (on average, 12 nmol g 21 dry weight).
Jasmonate Biosynthesis and Photooxidative Stress Tolerance
In the experiments described above, induction of the jasmonate biosynthesis pathway was correlated with cell death, whereas repression of this pathway during acclimation was associated with an increased tolerance to photooxidative stress. To determine if there is a causal relationship between repression of jasmonate biosynthesis and tolerance to 1 O 2 , we examined the light response of the jasmonate mutant delayed-dehiscence2 (dde2). Because of a deficiency in the gene encoding allene oxide synthase (von Malek et al., 2002) , dde2 plants cannot metabolize 13-hydroperoxy linolenic acid; therefore, they cannot synthesize jasmonate. Wild-type and dde2 mutant plants were exposed to severe light stress treatment (1500 mmol photons m 22 s 21 at 7°C air temperature) that induced photooxidative damage to wild-type plants, as shown by leaf bleaching and tissue necrosis ( Figure 12A ). This treatment brought about accumulation of ROS-generated HOTEs in wild-type leaves, indicating the occurrence of nonenzymatic lipid peroxidation. HPLC-mass spectrometry analysis of the HOTE isomer distribution in high-light-stressed wild-type leaves revealed the presence of 10-HOTE and 15-HOTE (Triantaphylidès et al., 2008) , indicating the occurrence of 1 O 2 -induced lipid peroxidation. By striking contrast, jasmonate-deficient dde2 plants were much more tolerant to this treatment: Leaf bleaching was much less pronounced ( Figure 12A) , and the intensity of ROS-induced lipid peroxidation was substantially reduced compared with the wild type ( Figure 12B) .
We crossed the dde2 mutant with the ch1 mutant to generate a 1 O 2 -producing double mutant (ch1 dde2) that is unable to produce jasmonate. As shown in Figures 12C and 12D , the ch1 dde2 double mutant was resistant to high-light stress compared with the ch1 single mutant: Leaf bleaching ( Figure 12C ) and lipid peroxidation ( Figure 12D ) were much more marked in ch1 plants compared with ch1 dde2 plants. Also, PSII photochemical efficiency (Fv/Fm) was higher in ch1 dde2 relative to ch1 (0.49 6 0.11 versus 0.22 6 0.09). These data confirm that 1 O 2 -induced cell death is associated with jasmonate biosynthesis.
Light-acclimated ch1 plants were sprayed with a solution of methyl jasmonate (1 mM) during the high-light treatment. As shown in Figure 13 , exogenously applied jasmonate cancelled the acclimation process: Pigment bleaching ( Figure 13A ) and lipid peroxidation ( Figure 13B ) were observed in many leaves of the jasmonate-sprayed plants, and PSII photochemistry was severely affected (falling from 0.6 in acclimated plants to 0.4 in sprayed acclimated plants; Figure 13C ). This clearly indicates that jasmonate accumulation during high-light stress can induce cell death. It should be noted that jasmonate itself was not toxic, as shown by the absence of stress symptoms in plants sprayed with methyl jasmonate and kept in low light. From the experiments in Figures 12 and 13 , one can conclude that jasmonate is associated with high-light-induced cell death. A block of jasmonate synthesis has beneficial effects on plants exposed to photooxidative stress conditions by enhancing tolerance against 1 O 2 -induced damage.
DISCUSSION
The Arabidopsis Mutant ch1 as a Physiological Model for 1 O 2 Studies
As mentioned in the Introduction, so far most of the information on the 1 O 2 signaling pathway in plants comes from studying the conditional flu mutant of Arabidopsis. This study provides another 1 O 2 -producing physiological model that is complementary to the flu mutant. The latter mutant is characterized by the accumulation of free protochlorophyllide in plastids when kept in the dark (Meskauskiene et al., 2001 ). In the light, protochlorophyllide acts as a photosensitizer and generates 1 O 2 , activating a cell death program mediated by the two chloroplastlocated proteins EX1 and EX2 (op den Camp et al., 2003; Wagner et al., 2004; Lee et al., 2007) . However, the physiological [See online article for color version of this figure.] significance of the 1 O 2 -dependent cell death pathway identified in the flu mutant is still elusive, and questions about how well this mutant represents the physiological situation in wild-type plants have been raised (Mullineaux and Baker, 2010; Gutiérrez et al., 2011; Suzuki et al., 2012) . Indeed, in wild-type plants, 1 O 2 is produced by triplet chlorophylls within PSII, particularly when the PSII reaction center is submitted to excess excitation (Krieger-Liszkay et al., 2008; Triantaphylidès and Havaux, 2009 ). This differs markedly from the way 1 O 2 is produced in the flu mutant, namely, from a membrane-soluble chlorophyll precursor in the absence of PSII overexcitation. In wild-type Arabidopsis plants, photooxidative damage to leaves is associated with direct oxidation of membrane lipids by 1 O 2 (Triantaphylidès et al., 2008) . Nevertheless, the 1 O 2 -mediated signaling pathway can be activated in the wild type under light stress, but this seems to occur without decreasing the viability of the seedlings (Kim et al., 2012) . It should also be kept in mind that 1 O 2 oxidation of protochlorophyllide could generate oxidized molecules that are not normally present in the wild type, and we cannot exclude an effect of those metabolites on the gene responses in flu. In this context, it is important to mention that porphyrins are able to operate as cell death factors, even in their unexcited state (Hirashima et al., 2009) .
Elucidation of the relevance of the 1 O 2 effects observed in the Arabidopsis flu mutant to other mutants or to other plant species would be very useful, in particular to validate the flu model. The chlorophyll b-less Arabidopsis ch1 mutant provides an interesting alternative model. In this mutant, PSII is restricted to its reaction center (Havaux et al., 2007) since PSII light-harvesting antennae cannot assemble in the absence of chlorophyll b (Plumley and Schmidt, 1987) . Because LHCII-deficient PSII reaction centers do not benefit from the photoprotective mechanisms associated with the chlorophyll antennae, such as NPQ, PSII overexcitation can be readily reached with increasing PFD, promoting 1 O 2 formation (Dall'Osto et al., 2010) . Consistent with this, inhibition of NPQ in the Arabidopsis npq4 mutant brought about an increased oxidation of b-carotene by 1 O 2 in the PSII reaction centers (Ramel et al., 2012b) . As confirmed in this study, the ch1 mutant is characterized by increased production of 1 O 2 resulting in high photosensitivity. Additional perturbations of the PSII functionality previously reported in chlorophyll b-less plants, such as alteration of the PSII donor side (Havaux and Tardy, 1997; Kim et al., 2009) , can also contribute to this increased production of 1 O 2 by PSII.
A good correlation was found between the transcription profiles of the ch1 and flu mutants, confirming the induction of a 1 O 2 signaling pathway in the ch1 leaves in high light. However, important differences were observed between the two mutants. First, cell death in ch1 was not dependent on EX1. Possibly, photooxidative damage in ch1 was due to direct cytotoxicity of 1 O 2 which masked the EX1-dependent signaling cascade, as previously suggested for wild-type Arabidopsis (Kim et al., 2012) . Consistent with this, high-light stress induced LOX genes in ch1, and leaf bleaching was associated with both LOXinduced and 1 O 2 -induced HOTE accumulation, suggesting a combination of genetically regulated lipid oxidation and direct oxidation by 1 O 2 . It is worth mentioning that photooxidative damage appeared in ch1 leaves after 2 d of stress treatment, while cell death was reported to occur much faster in flu leaves, with visible necrotic lesions appearing within a few hours after the onset of illumination (op den Camp et al., 2003) . Second, unlike the flu mutant (Ochsenbein et al., 2006) , the ch1 mutant exposed to high-light stress did not exhibit increased expression of EDS1 encoding the ENHANCED DISEASE SUSCEPTIBILITY1 protein required for the modulation of the 1 O 2 -mediated cell death response. This is consistent with the observation that the concentration of salicylic acid did not change substantially in ch1 leaves during high-light stress since this compound relies on EDS1 expression for its accumulation (Wiermer et al., 2005) . Similarly, Arabidopsis cell suspensions were reported to respond to high light in a manner that resembles the defense responses of flu except that it was independent of EDS1 and salicylic acid .
The flu mutant must be grown in continuous light to avoid accumulation of protochlorophyllide. On the contrary, ch1 does not require any particular growth conditions; hence, it is a more convenient model for physiological studies. By altering the light environment, we were able to find conditions that lead to a marked increase in the tolerance to high-light stress and to suppression of 1 O 2 toxicity, providing an interesting model for studying acclimation to 1 O 2 . The acclimatory conditions were found to induce 1 O 2 production in ch1 plants, which was not eliminated in the acclimated state. Consequently, we can speculate that acclimation to 1 O 2 stress was induced in ch1 chloroplasts by 1 O 2 itself. This suggests also that acclimation involves mainly increased resistance to 1 O 2 , rather than suppression of 1 O 2 production in the PSII centers. It must be kept in mind that, similarly to the flu mutant, the ch1 mutant is characterized by a specific increase in 1 O 2 production in the light. The situation might be more complex in the wild type, where several ROS can be produced simultaneously, possibly leading to more complex responses to high-light stress.
Acclimation of Arabidopsis to 1 O 2
It is long known that plants are able to acclimate to changes in their light environment in order to optimize their photosynthetic performance and to avoid imbalance between energy absorption and utilization, which can promote ROS production in the chloroplasts. The acclimatory response to light can involve a variety of mechanisms occurring in different time ranges (Walters, 2005; Eberhard et al., 2008; Li et al., 2009 ; Murchie and Niyogi, qRT-PCR analysis of the expression levels of various genes of the jasmonate pathway during stress (S), acclimation (A), and acclimation followed by stress (A+S). C = control conditions. AOC, ALLENE OXIDE CYCLASE; AOS, ALLENE OXIDE SYNTHASE; OPR3, 12-OXOPHYTODIENOATE RE-DUCTASE3. Data are mean values +SD. n = 4. [See online article for color version of this figure. ] 2011). In the mid and long terms, light acclimation involves changes in gene expression and reorganization of the photosynthetic apparatus, with the ROS themselves as possible triggers. Indeed, besides their toxic effects, ROS can also act as inducers of signaling cascades leading to changes in gene expression (Suzuki et al., 2012) . This role has long been recognized for the long-lived hydrogen peroxide (Petrov and Van Breusegem, 2012) , and a similar role as a signal messenger has been identified more recently for the short-lived 1 O 2 in plants (op den Camp et al., 2003; Wagner et al., 2004) . Gene expression reprogramming by 1 O 2 has been reported in a variety of other organisms including bacteria (Ziegelhoffer and Donohue, 2009) and algae (Ledford et al., 2004) . In the microalga C. reinhardtii, growth in the presence of low 1 O 2 concentrations enhances the resistance of the cells to high 1 O 2 concentrations (Ledford et al., 2007) . This study demonstrates that vascular plants can also acclimate to 1 O 2 , resulting in a marked enhancement of their tolerance to photooxidative stress. Preexposure of ch1 mutant plants to a moderately elevated PFD that induced a low production of 1 O 2 rendered them much more resistant to damage by 1 O 2 produced in higher amounts at higher PFDs. In accordance with this, a product derived from 1 O 2 oxidation of the carotenoid b-carotene can concomitantly induce the expression or repression of 1 O 2 -responsive genes and enhance tolerance to high-light stress in Arabidopsis (Ramel et al., 2012a) , suggesting the existence of an acclimatory response to 1 O 2 . Similarly, gene responses to 1 O 2 that do not lead to cell death were previously reported in the lut2 npq1 double mutant of Arabidopsis deficient in two 1 O 2 quenchers (Alboresi et al., 2011) . Arabidopsis cell suspensions exposed to high light display gene responses that resemble very much the gene expression profile induced in the flu mutant by 1 O 2 , but again this occurs in the absence of programmed cell death Gutiérrez et al., 2011) . The orientation of the signaling pathway toward cell death or acclimation may be determined by the intensity of the 1 O 2 stress, with low concentrations leading to acclimation and high concentrations inducing direct toxicity or programmed cell death (Kim et al., 2008) . The acclimation treatment used in this study was associated with 1 O 2 production in ch1 leaves, but the resulting photooxidative stress was moderate, as judged by the rather modest inhibition of PSII (Fv/Fm), suggesting that it belongs to the former category of stress conditions. Acclimation of the ch1 mutant to high-light stress was associated with the induction of genes related to different metabolic processes (see Supplemental Data Set 1 online (At-MS2) . Interestingly, all those processes concern molecules that are known to have high reactivity with 1 O 2 (Triantaphylidès and Havaux, 2009) . In general, genes induced during acclimation were related to metabolism, in particular, secondary metabolism, such as metabolism of phenylpropanoids and flavonoids, to oxidative stress responses and to systemic interaction with the environment such as ethylene response (see Supplemental Table 4 online). In particular, we observed induction of several genes involved in the response to stress (the ethylene responsive gene AT2G38210, the glutathione peroxidases 6 and 7, and EIN3-BINDING F BOX PROTEIN2 [EBF2]) or in transport processes (AT1G78410, AT1G80300, and MATE protein). In addition, many genes related to the regulation of transcription were also induced by the acclimation treatment, including MYB DOMAIN PROTEIN 13 (ATMYB13), MYB DO-MAIN PROTEIN114 (MYB114), zinc finger (B-box type) family proteins, HIGH MOBILITY GROUP B2 (HMGB2), RELATED TO AP 2.3 (ATEBP/RAP2.3), and dof-type zinc finger domaincontaining protein At1G21340, PAP1, PAP2, and HIGH CHLO-ROPHYLL FLUORESCENCE152 (HCF152). Some of those genes were not significantly induced by high-light stress (ATMYB13, ATEBP/RAP2.3, and At1G21340), indicating a specific response to acclimation conditions. As far as gene repression is concerned, acclimation affected many genes coding for proteins of the jasmonate pathway or proteins related to the wound response (AT3G10985 and AT4G28240). Genes encoding transcription factors (HOMEO-
, AT1G68520, and AT1G25440) and proteins related to photosynthesis PSII LIGHT HARVESTING COMPLEX GENE2.3 (LHCB2.3) and PSII LIGHT HARVESTING COMPLEX GENE3 (LHCB3) were also downregulated during the acclimation treatment. The acclimation-induced downregulation of genes involved in jasmonate biosynthesis is of particular interest because it contrasts very much with the strong induction of this pathway in ch1 leaves exposed to high-light stress.
Jasmonate Biosynthesis and the Response to 1 O 2
Jasmonates are essential plant hormones that regulate defense responses and developmental processes. In particular, these signal molecules are important regulators of plant responses to environmental stresses, such as ozone, wounding, or water deficit, and attack by pathogens and pests (Reymond and Farmer, 1998; Wasternack, 2007; Balbi and Devoto, 2008; Reinbothe et al., 2009; Avanci et al., 2010) . A wealth of molecular genetic studies have provided evidence for the involvement of jasmonates in the regulation of the complex and highly regulated cell death program. Moreover, sustained exposure of leaves and suspension-cultured cells to exogenous methyl jasmonate induces cell death (Repka et al., 2004; Zhang and Xing, 2008) . Jasmonates also increase the fungal toxin fumonisin B1-induced apoptosis-like programmed cell death in Arabidopsis protoplasts (Asai et al., 2000; Mur et al., 2006) . In cultured animal cells, jasmonates and some of their synthetic derivatives were found to induce cell death in cancer cell lines (Cohen and Flescher, 2009) . Actually, the role played by jasmonates in plant cell death regulation is complex, involving interactions with other low molecular mass signal molecules, such as salicylic acid and ethylene (Reymond and Farmer, 1998; Reinbothe et al., 2009; Ballaré, 2011) . For instance, salicylic acid is known to repress jasmonate signaling (Pena Cortes et al., 1993) .
The work done on flu has shown that jasmonate and its precursor OPDA are synthesized in response to 1 O 2 (Ochsenbein et al., 2006; Przybyla et al., 2008) . Genes encoding enzymes involved in the biosynthesis of jasmonic acid were upregulated in flu seedlings in response to nonpermissive dark-to-light shifts (op den Camp et al., 2003) , and this was followed by the rapid synthesis of the corresponding proteins (Samol et al., 2011) . It was suggested that jasmonic acid may be required for cell death manifestation, whereas OPDA would counteract the establishment of the cell death phenotype (Przybyla et al., 2008) . Our results are in line with this suggestion: 1 O 2 -induced cell death and leaf necrosis in the ch1 mutant were associated with jasmonate accumulation, while the OPDA level remained unchanged. In fact, the whole jasmonate biosynthesis pathway was upregulated in ch1 plants during high-light stress. On the contrary, the EX1/EX2-and EDS1-dependent signaling pathway appeared to remain inactive in ch1 under high-light stress conditions. This constitutes a major difference with the response of the flu mutant, which was characterized by a strong accumulation of EDS1 transcripts and salicylic acid (Ochsenbein et al., 2006) . In other words, an oxylipin-dependent pathway was specifically activated in ch1 under high-light stress where jasmonate had a prominent role in the activation of transcripts associated with oxidative stress. Moreover, acclimation and increased resistance to photooxidative damage were accompanied by strong downregulation of the jasmonate biosynthesis pathway, reinforcing the idea that jasmonate is involved in the modulation of 1 O 2 -induced cell death. This was confirmed in the dde2 and ch1 dde2 mutants, which are unable to synthesize jasmonate. Leaf bleaching and lipid peroxidation were notably attenuated in the jasmonate-deficient mutants compared with their jasmonateproducing counterparts (the wild type or ch1) when exposed to photooxidative stress conditions. Importantly, exogenous applications of methyl jasmonate were observed to cancel the acclimation response.
In sum, this study has established that, similarly to green algae (Ledford et al., 2007) , vascular plants have the capacity to acclimate to 1 O 2 stress. This acclimation process is accompanied by gene transcription changes. In particular, this study emphasizes the role of the jasmonate pathway in the sensitivity to 1 O 2 . Acclimation of Arabidopsis to photooxidative stress was associated with a downregulation of jasmonate synthesis, and mutational suppression of jasmonate synthesis enhanced phototolerance. Conversely, photodamage in nonacclimated plants was correlated with jasmonate accumulation. This close correlation between jasmonate levels and sensitivity to 1 O 2 was not observed for other hormones (salicylic acid) or other oxylipins (OPDA), which exhibited little change during photo stress in ch1 mutant plants. It would be interesting to analyze other jasmonate mutants, such as those with reduced sensitivity to jasmonate or with constitutively active jasmonate signaling (Berger, 2002) , to characterize further the link between jasmonate and 1 O 2 -induced cell death.
1 O 2 is a particularly important ROS in photosynthetic organisms because chlorophyll molecules are potential photosensitizers present in high amounts in their photosynthetic apparatus. When light energy is absorbed by chlorophylls in excess to what can be used by the photosynthetic processes, overexcitation of the photosynthetic system can increase the lifetime of singlet excited chlorophylls favoring their transition to the triplet excited state, the main source of 1 O 2 (Krieger-Liszkay et al., 2008; Triantaphylidès and Havaux, 2009) . Also, any stress conditions that perturb the assembly of the chlorophyll binding proteins can favor 1 O 2 formation from uncoupled chlorophyll molecules (Santabarbara and Jennings, 2005) . For instance, upon infection with Pseudomonas syringae, Arabidopsis leaves accumulate 1 O 2 -specific hydroxy fatty acids (10-and 15-HOTEs) (Grun et al., 2007) , reflecting the generation of 1 O 2 during pathogen attack (Vellosillo et al., 2010) . Interestingly, the hypersensitive response to pathogenic challenge has been associated with disruption of the light-harvesting pigment-protein complexes and the formation of chlorophyll catabolites that act as 1 O 2 generators (Mur et al., 2010) . Moreover, 1 O 2 was shown to be the major ROS involved in photooxidative damage to plant leaves (Triantaphylidès et al., 2008) . Therefore, the capacity to enhance tolerance toward 1 O 2 toxicity, as reported here for Arabidopsis, can be of prime importance for the survival of plants under natural, stressful environments. Challenges for future research will be to establish in wild-type plants the occurrence of the acclimation response reported here and to reveal the genes that are crucial to this response.
METHODS Plant Material and Growth Conditions
Arabidopsis thaliana plants were grown for 5 to 8 weeks in a phytotron under controlled conditions of temperature (20°C/18°C, day/night), PFD (180 mmol photons m 22 s 21 , 8-h photoperiod), and relative air humidity (65%). The experiments were done on wild-type Arabidopsis (ecotype Columbia-0), a chlorophyll b-deficient mutant ch1 (ch1-1) (Havaux et al., 2007) , and dde2, a jasmonate mutant deficient in allene oxide synthase (von Malek et al., 2002) . A detailed description of the phenotype of the Arabidopsis ch1 mutant can be found in a previous publication (Havaux et al., 2007) . The ch1 mutant was crossed with the dde2 mutant and the EX1-deficient mutant (ex1) (Wagner et al., 2004; Lee et al., 2007) . Photooxidative stress was induced in the ch1 mutant by transferring the plants to a PFD of 1000 mmol photons m 22 s 21 (photoperiod, 8 h) and an air temperature of 10°C. For acclimation to photooxidative stress, plants were exposed for 2 d to a PFD of 450 mmol m 22 s 21 (photoperiod, 8 h) at 20°C. PFDs were measured with a Li-Cor quantum meter. The CO 2 and O 2 concentrations of the atmosphere were controlled in a hermetically closed chamber as described by Montané et al. (1998) . In some experiments, 400 mL of methyl jasmonate (1 mM in 25 mM phosphate buffer) was sprayed on plants twice a day.
Chlorophyll Fluorometry
The maximal quantum yield of PSII photochemistry (Fv/Fm) was measured in dark-adapted attached leaves by chlorophyll fluorometry using a PAM-2000 Walz system, as previously described (Havaux et al., 2007) . Fv/Fm was calculated as (Fm 2 Fo)/Fm, where Fo is the initial level of chlorophyll fluorescence and Fm is the maximal level (induced by an 800-ms flash of intense white light). A 2-s pulse of far-red light was used to oxidize Q A (the primary quinone electron acceptor of PSII) and to measure the true Fo level.
Chlorophyll Quantification
Chlorophyll pigments were extracted from leaf discs in methanol and were quantified by HPLC as previously described (Havaux et al., 2007) , using authentic standards of chlorophyll a and b (Sigma-Aldrich).
Lipid Peroxidation Analysis and Imaging
Lipids were extracted from 0.5 g frozen plant material by grinding with 2 3 1 mL CHCl 3 containing 1 mg/mL triphenyl phosphine and 0.05% (w/v) butylated hydroxytoluene, with 15-hydroxy-11,13(Z,E )-eicosadienoic acid as internal standard. The organic phase was evaporated under a stream of N 2 . The residue was recovered in 1.25 mL ethanol and 1.25 mL 3.5 M NaOH and hydrolyzed at 80°C for 15 min. After addition of 2.2 mL 1 m citric acid, hydroxy fatty acids were extracted with 2 3 1 mL hexane/ ether (50/50). The organic phase was used for the straight phase HPLC-UV analysis of HOTE isomers derived from the oxidation of linolenic acid, as previously described (Montillet et al., 2004) . ROS-induced HOTEs were separated from LOX-dependent HOTEs according to the method described by Montillet et al. (2004) .
Lipid peroxides were visualized in whole plants by autoluminescence imaging. Imaged autoluminescence signal is attributed to the spontaneous decomposition of lipid peroxides (Havaux et al., 2006; Birtic et al., 2011) . Spontaneous photon emission from whole Arabidopsis plants was measured after 2 h dark adaptation with a liquid N 2 cooled chargecoupled device camera, as detailed by Birtic et al. (2011) . Integration time was 20 min.
Detection of ROS Production
1 O 2 production was measured in attached leaves with the SOSG fluorescent probe (Invitrogen; see Flors et al., 2006) , as previously described (Ramel et al., 2012b) . Leaves were infiltrated with 100 mM SOSG under pressure. A 1-mL syringe, without needle and filled with the solution to be infiltrated, was pushed against the lower surface of the leaf, and the solution (100 mL) was forced to enter inside the leaf under pressure. Plants with SOSG infiltrated leaves were exposed for 30 min to a PFD of 450 mmol m 22 s 21 at 20°C. SOSG fluorescence was then measured using a Perkin-Elmer spectrofluorometer (LS 50B) with a 475-nm exciting light.
ROS production by thylakoid membranes was measured in vitro by spin trapping EPR spectroscopy. Thylakoid membranes were isolated from fresh leaves as described by Takahashi and Asada (1982) and suspended in a HEPES buffer (20 mM, pH 7.5) containing 0.4 M Suc, 15 mM NaCl, and 3 mM MgCI 2 . The suspensions were adjusted to the same chlorophyll concentration (40 µg mL 21 ) and were illuminated for 1 or 3 min with white light (1500 µmol m 22 s 21 ) in the presence a spin trap (100 mM TEMPD or 50 mM 4-pyridyl-1-oxide-N-tert-butylnitrone, 4% ethanol, and 50 µM FeEDTA). EPR spectra were recorded at room temperature in a standard quartz flat cell using an ESP-300 X-band (9.73 GHz) spectrometer (Bruker). The following parameters were used: microwave frequency of 9.73 GHz, modulation frequency of 100 kHz, modulation amplitude of 1G, microwave power of 6.3 mW, receiver gain of 2 3 10 4 , time constant of 40.96 ms, and four scans.
b-Carotene-5,8-endoperoxide, as specific 1 O 2 marker, was extracted from 500 mg leaves in 5 mL acetone and quantified by HPLC-tandem mass spectrometry (MS/MS) as previously described in detail (Ramel et al., 2012b) . The co-called multiple reaction monitoring mode using transition 659 to 109 (with a collision energy of 45 eV) was employed to specifically detect and quantify the b-carotene endoperoxide.
RNA Isolation and Quantitative RT-PCR
Total RNA was extracted using the NucleoSpin RNA plant kit (MachereyNagel) and treated with the Turbo DNA-free (Ambion) according to the manufacturers' instructions. Each extraction from leaves of three different plants was performed at least five times.
Quantitative RT-PCR (qRT-PCR) experiments were performed with cDNA synthesized with the SuperScript III reverse transcriptase (Invitrogen) from 500 ng of total RNA. Specific primers for each gene selected for analysis were designed using Primer3plus software (www. bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). Gene-specific primers and oligonucleotide sequences are listed in Supplemental Table 5 online. qRT-PCR was performed using the LightCycler 480 SYBR Green I Master (Roche) in the quantitative PCR thermal cycler (LightCycler 480 real-time PCR system; Roche). Each reaction was prepared using 2 mL of cDNA diluted 20-fold, 2 mL of SYBR Green I Master, and 1 mM forward and reverse primers, in a total volume of 5 mL. The amplification profile consisted of 95°C for 10 min and 45 cycles (95°C for 15 s, 62°C for 15 s, and 72°C for 15 s). All reactions were performed in triplicates. The profilin PRF1 was taken as housekeeping gene to normalize the expression of genes of interest.
Microarray Transcriptomic Analyses
Microarray analysis was performed on CATMAv5 (Complete Arabidopsis Transcriptome MicroArray) arrays containing 31,987 gene-specific tags from Arabidopsis corresponding to 31,599 genes (Hilson et al., 2004) Each treatment was repeated three times in independent experiments. In each experiment, five leaves of five different plants corresponding to a given treatment were harvested, frozen in liquid nitrogen, and extracted for RNA. cDNA synthesis, amplification, labeling, as well as hybridizations and scanning of the slides were performed as described elsewhere (Lurin et al., 2004) . For each comparison, two technical replicates with fluorochrome reversal were performed for each pool of RNA (i.e., one dye swap per comparison). A global intensity-dependent normalization using the loess procedure (Yang et al., 2002) was performed to correct for the dye bias. Then, differential analysis was based on the log ratios averaged on the dye-swap, and these values were used to perform a paired Student's t test. A trimmed variance is calculated from spots that do not display extreme variance (Gagnot et al., 2008) . The raw P values were adjusted by the Bonferroni method, which controls the family-wise error rate to keep a strong control of the false positives in a multiple comparison context (Ge et al., 2003) . The probes with a Bonferroni P value < 0.05 were considered as being differentially expressed. The microarray data are available at http:// urgv.evry.inra.fr/CATdb (project: CEA10-02 Light).
Jasmonate and Salicylate Analysis
Jasmonate, its precursor OPDA, and salicylate were quantified by UPLC-MS/MS, as described elsewhere (Stingl et al., 2013) . Extraction from frozen leaves was performed in ethylacetate:formic acid (99:1), with addition of an internal standard solution, in a bead mill for 3 min at 20 Hz. After centrifugation, the supernatant was evaporated and the residue was resuspended in acetonitrile:water (1:1). An aliquot of the solution was injected in the liquid chromatography-MS/MS system constituted by a Waters Quattro Premier triple-quadrupole mass spectrometer with an electrospray interface coupled to a Waters Acquity ultraperformance liquid chromatograph. Analysis and quantification were done as explained in detail by Stingl et al. (2013) .
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: CH1 (At1g44446), DDE2 (At5g42650), BAP1 (At3g61190, disease resistance protein (TIR class) putative (At1g57630), MAPKKK18 (At1g05100), AP2 domain-containing transcription factor (At4g34410), EX1 (At4g33630), and RD20 (At2g33380).The microarray data are available at http://urgv.evry.inra.fr/CATdb (project: CEA10-02 Light).
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